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ABSTRACT: Visible light communications (VLC) require III-nitride visible micro-light-
emitting diodes (μLEDs) with a high-modulation bandwidth. Such μLEDs need to be driven
at a high injection current density on a kA/cm2 scale, which is about 2 orders of magnitude
higher than those for normal visible LED operation. μLEDs are traditionally fabricated by dry-
etching techniques where dry-etching-induced damages are unavoidable, leading to both a
substantial reduction in performance and a great challenge to viability at a high injection
current density. Furthermore, conventional biasing (which is simply applied across a p−n
junction) is good enough for normal LED operation but generates a great challenge for a
single μLED, which needs to be modulated at a high injection current density and at a high
frequency. In this work, we have proposed a concept for an epitaxial integration and then
demonstrated a completely different method that allows us to achieve an epitaxial integration
of a single μLED with a diameter of 20 μm and an AlGaN/GaN high-electron-mobility
transistor (HEMT), where the emission from a single μLED is modulated by tuning the gate
voltage of its HEMT. Furthermore, such a direct epitaxial approach has entirely eliminated any dry-etching-induced damages. As a
result, we have demonstrated an epitaxial integration of monolithic on-chip μLED-HEMT with a record modulation bandwidth of
1.2 GHz on industry-compatible c-plane substrates.
KEYWORDS: MicroLEDs, modulation bandwidth, GaN, selective overgrowth, HEMTs, VLC
1. INTRODUCTION
There is an increasing demand of developing visible light
communications (VLC)1,2 as a complementary technology to
radio frequency (RF)-based Wi-Fi and 5G, where III-nitride
visible light-emitting diodes (LEDs) used as transmitters are
the key components.3−7 It is expected that the VLC
technology has many applications in a wide range of scenarios
where RF emissions are controlled or do not work,8,9 such as
hospitals, schools, airplanes, underwater communications,
hazardous environments which contain oil, gas, petrochem-
icals, etc.
Generally speaking, a frequency bandwidth (Δν) is inversely
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where λ is the wavelength and c is the speed of light.
Consequently, RF emissions span a limited range from 3 kHz
to 300 GHz, while the wavelengths of visible light are much
shorter than those of RF emissions leading to a huge range
from 430 to 750 THz, which is more than 3 orders of
magnitude larger than RF. Moreover, VLC presents another
unique advantage which Wi-Fi and 5G lack, namely, security-
related applications, as visible light propagation can be easily
restrained to a confined space without information leakage
concerns intrinsic in Wi-Fi or 5G.8,9
One of the greatest challenges the current VLC technology
is facing is due to its limited modulation bandwidth, which is
far from satisfactory and thus poses an insurmountable barrier
for promoting VLC applications. In principle, a modulation
bandwidth is determined by the larger of the RC time constant
of the junction capacitance and the carrier recombination
lifetime of III-nitride visible LEDs used as a transmitter.
Considering a blue LED typically used for a VLC system,
where an active region consists of InGaN/GaN multiple
quantum wells (MQWs) and the thickness of the active
regions is typically around 100 nm, the RC time constant can
be estimated using a simple equation provided below
R A LRC ( / )0εε= (2)
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where R is the electrical impedance, A is the LED area, L can
be roughly estimated as the thickness of an active region, ε is
the dielectric constant of GaN which is about 9, and ε0 is the
vacuum permittivity.
Equation 2 indicates that the RC time constant reduces with
decreasing LED dimension. For example, if the dimension of a
LED is reduced from a standard size of 330 × 330 μm2 to 20
μm in diameter, the RC time constant significantly reduces to
0.05 ns from more than 10 ns assuming an electrical
impedance of 50 Ω. As a result, the modulation bandwidth
(∼1/(2πRC)) can drastically increase to >10 GHz for a micro-
LED (μLED) with 20 μm in diameter from 50 MHz for a
standard 330 × 330 μm2 LED. This is the fundamental physics
why it is essential to employ a μLED as a transmitter for VLC.
It is worth highlighting that the above estimation is valid for
the μLED only under a condition that the carrier
recombination lifetime of the μLED is shorter than 0.05 ns.
However, it is well known that the carrier recombination
lifetime of a standard blue LED is typically ≥10 ns under
normal operation. Therefore, the modulation bandwidth for
VLC applications is mainly dominated by the carrier
recombination lifetime of a blue LED instead of its RC time
constant. To significantly reduce the carrier recombination
lifetime of a blue LED, one of the possible solutions is to drive
a blue LED at a substantially high injection current density.10
Therefore, the simplest option is to use a μLED as a
transmitter for VLC. However, a μLED with high quality is
essential, otherwise, it is extremely difficult to sustain a μLED
at a high injection current density, which is typically on an
order of kA/cm2 (ref 11).
Unfortunately, a dry-etching technique remains the main
approach for the fabrication of III-nitride μLEDs.10−15
Consequently, dry-etching-induced damages are unavoidable,
leading to both a substantial reduction in performance and a
great challenge to viability at a high injection current
density.16,17 This concern is significantly enhanced with
decreasing μLED dimension down to 100 μm, in particular,
≤20 μm.18−20 Recent evidence suggests that μLEDs typically
exhibit much lower external quantum efficiency (EQE) than
their counterparts with a macro dimension (>100 μm).21,22
This is much more pronounced when the dimension of a
μLED is ≤20 μm. Furthermore, although an advanced atomic
layer deposition (ALD) technique is adopted for surface
passivation, the improvement is marginal.23,24 Therefore,
traditional dry-etching processes cannot meet the requirement
for the fabrication of III-nitride μLEDs with high performance.
This is possibly one of the fundamental reasons why the
modulation bandwidth of μLEDs for VLC on industry-
compatible c-plane substrates is limited to 1 GHz.
Another issue which is often ignored is due to the electrically
driving part for VLC. For standard displays or general
illumination, III-nitride LEDs are driven at a low injection
current density, typically, ≤10 A/cm2. In this case, the stable
operation of a LED can be obtained when a forward bias is
simply applied across its p and n layers. In contrast, for VLC
applications, a single μLED is normally driven at a high
injection current density on an order of kA/cm2 and further
needs to be modulated at a high frequency.14,25 In this case, the
conventional biasing method may not be good enough.
To overcome this challenge, we are proposing to integrate a
μLED and an AlGaN/GaN high-electron-mobility transistor
(HEMT) as schematically illustrated in Figure 1, which is also
compared with a standard LED modulation. For the
conventional biasing method, when a LED needs to be
operated at a high injection current density, a tiny change in
forward bias will lead to an enormous change in injection
current density as shown in Figure 1a, which is very difficult to
maintain and control. In contrast, if a HEMT is used to supply
injection current to a LED as shown in Figure 1b, the situation
is different, as a high injection current density can be stably
and easily controlled by simply tuning the gate voltage of its
HEMT. However, an immediate question is how to integrate a
μLED and a HEMT.
To address the great challenges in fabricating μLEDs, very
recently we have demonstrated a direct epitaxial approach to
achieving ultrasmall μLEDs with a record EQE.26,27 By means
of employing a selective overgrowth on predefined microhole
arrays formed by SiO2 masks on n-GaN templates, our
regularly arrayed μLEDs can naturally form without involving
any dry-etching processes. As a consequence, our approach has
entirely eliminated any dry-etching-induced damages.
In this work, we are proposing to perform the selective
overgrowth of μLEDs on predefined microhole arrays formed
by SiO2 masks on an AlGaN/GaN HEMT template, aiming to
achieve monolithically integrated HEMT-μLED devices. In our
approach, the μLED emission is modulated directly by tuning
the gate voltage of its HEMT. By this approach, we have
achieved an epitaxial integration of monolithic on-chip μLED-
HEMTs on industry-compatible c-plane substrates, where a
single μLED with a diameter of 20 μm is controlled by its
AlGaN/GaN HEMT. Our monolithically integrated μLED-
HEMT device has demonstrated a record modulation
bandwidth of 1.2 GHz.
Figure 1. (a) Conventional biasing method for LED operation and (b) our proposed biasing method for a single μLED operation, where the single
μLED is modulated by tuning the gate voltage of its HEMT. The insets are equivalent electrical circuits for these two cases.
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2. RESULTS AND DISCUSSION
Figure 2 schematically illustrates our procedure for preparing a
microhole array pattern on an AlGaN/GaN HEMT template
grown on the c-plane sapphire substrate, where the microhole
arrays are for the selective overgrowth of μLEDs. Initially, a
layer of SiO2 is deposited on an AlGaN/GaN template on c-
plane sapphire (Figure 2a), and then a combination of a
standard photolithography technique and then inductive-
coupled plasma (ICP) dry-etching process is employed to
etch SiO2 into microhole arrays. Afterwards, the HEMT
template will be further etched by >50 nm, but the etching
only takes place within the microhole regions (using the SiO2
microhole masks). The diameter of the microholes is 20 μm,
and the edge-to-edge spacing is 25 μm. Subsequently, the
patterned HEMT template is then reloaded into a metal-
organic vapor-phase epitaxy (MOVPE) system for further
μLED growth. As a result of the SiO2 masks, μLEDs can be
grown only within the microhole regions, naturally forming
μLED arrays. The μLED structure is fairly standard, consisting
of a layer of n-GaN, 30 periods of In0.05Ga0.95N/GaN
superlattices (SLs) as a prelayer, 5 periods of In0.25Ga0.75N/
GaN MQWs (well: 2.5 nm; barrier: 13 nm) as an active region,
a 20 nm p-Al0.20Ga0.80N electron blocking layer, and a final 150
nm p-GaN layer (Figure 2c). It is essential that the overgrown
n-GaN of μLEDs within the microhole areas directly contacts
the interface between the AlGaN barrier and the GaN buffer of
the HEMT so that each single μLED is electrically connected
with the HEMT through the two-dimensional electron gases
(2DEG) formed at the interface between the AlGaN barrier
and the GaN buffer of the HEMT. Finally, all of the SiO2
masks are simply removed using 40% HF acid (Figure 2d).
Subsequently, a standard device fabrication process is
performed to form metal contacts for both HEMT and
μLED, for which please refer to a detailed process flowchart
schematically illustrated in Figure S1 in the Supporting
Information.
Figure 3a shows a cross-sectional scanning electron
microscope (SEM) image of a single μLED with 20 μm in
diameter overgrown on the HEMT template. Figure 3b shows
the three-dimensional (3D) schematics of our monolithically
integrated HEMT and μLED (i.e., a circular gate contact is
used) with the inset illustrating the two-dimensional gas
(2DEG) formed at the AlGaN/GaN interface of the HEMT
epitaxially connecting with the n-GaN of a μLED. This
demonstrates that a monolithic on-chip integration of μLED
and HEMT can naturally form through epitaxial growth.
Figure 4a shows the optical microscope image of our
monolithic on-chip integrated μLED-HEMT with a zoom-in
SEM image, demonstrating that the circular gate of a HEMT
surrounds a single μLED with 20 μm in diameter. The mesa in
a square shape is defined for the whole integrated μLED-
HEMT device. Ground-signal-ground (GSG) pads with a
center-to-center distance of 100 μm are especially designed for
air coplanar (ACP) wafer probes used for our on-wafer high-
frequency measurements. Due to our completely different
method (i.e., our direct epitaxial selective growth in
comparison with conventional dry-etching-based fabrication
methods), our μLEDs form naturally, thus entirely eliminating
any dry-etching-induced damages, in particular, sidewall
damages, which is particularly important for the fabrication
of μLEDs with ≤20 μm in diameter as a result of a significant
increase in the ratio of surface to volume.
Figure 2. Schematics of our procedure for the selective overgrowth of μLEDs on a HEMT template featuring predefined microhole arrays. (a)
PECVD depositing SiO2; (b) patterning and then fabricating SiO2 microhole arrays; (c) selective overgrowth of microLEDs; and (d) SiO2 mask
removal using HF.
Figure 3. Layout of an epitaxially monolithic on-chip integration of
μLED-HEMT. (a) Cross-sectional SEM image of the overgrown epi
before device fabrication; (b) three-dimensional schematics of the
integrated device after fabrication. The inset schematically illustrates
the cross-sectional epi-structure of our monolithically integrated
device, where 2DEG is represented by dashed red lines.
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As shown in Figure 4a, a circular anode pad is fabricated on
top of the p-GaN of the single μLED. The regions outside each
μLED are the HEMT areas. A circular gate is fabricated around
each single μLED, and its length, gate-to-source distance, and
gate width are 2, 2, and 88 μm, respectively. The spacing
between the gate and the n-GaN of each single μLED is 3 μm.
Outside the circular gate regions, two semicircular pads are
fabricated as source pads for the HEMT.
Current−voltage (I−V) and transfer characteristics have
been performed on our monolithically integrated μLED-
HEMT, where the electrical current which is injected into a
single μLED is controlled by its HEMT. A two-channel source
meter Keithley 2612B has been used for these measurements.
Figure 4b shows the injection current which flows into a
single μLED as a function of the applied voltage between the
anode of the μLED and the source of its HEMT measured
under different gate bias ranging from 1 to −7 V,
demonstrating a typical HEMT characteristic. The inset
shows an equivalent electrical circuit, schematically illustrating
how the HEMT provides injection current to a single μLED,
which is controlled by the gate bias of the HEMT. Figure 4b
indicates that the highest injection current which the HEMT
can provide to a single μLED is 45 mA, which is ∼14.3 kA/
cm2, demonstrating that our μLED can sustain at such a high
injection current density. In addition, this also confirms the
excellent quality of our μLED achieved by our unique
approach, where the dry-etching-induced damages which
cannot be avoided in conventional fabrication methods are
entirely eliminated.
Figure 4c shows a typical transfer characteristic of our
monolithically integrated μLED-HEMT, indicating that the
HEMT demonstrates an excellent capability of controlling a
single μLED.
Subsequently, modulation bandwidth measurements have
been performed on our monolithically integrated HEMT-
μLED. A single μLED which is probed by two G−S−G RF
probes is modulated via the gate terminal of its HEMT with a
small AC signal provided by Port 1 of a vector network
analyzer (VNA), where a DC bias from a source meter
(Keithley 2612B) is added to the AC signal. The EL emission
from the single μLED is collected by a light collection system
consisting of a 10× objective lens, a collimator, and a 50 cm
fiber (please refer to Figure S2 in the Supporting Information),
then converted into an electrical signal and amplified by a
fiber-coupled photoreceiver, and finally introduced into Port 2
of VNA. The total distance between our μLED and the
receiver is around 1 m.
Figure 5a shows the frequency response of our single μLED
controlled by its HEMT, namely, the normalized output power
as a function of frequency measured under different gate bias
of the HEMT. The frequency response measurements have
been carried out as a function of injection current density,
exhibiting a 3 dB modulation bandwidth of 1.2 GHz at 13.3
kA/cm2 which can be obtained under zero gate bias and 10 V
anode with respect to the source of the HEMT. This
demonstrates the highest modulation bandwidth reported so
far. Table 1 provides the benchmarking of our monolithic on-
chip integration of μLED-HEMT against the current state-of-
the-art μLEDs on industry-compatible c-plane substrates in
terms of 3 dB modulation bandwidth.10,14,28−32
Figure 4. (a) Optical microscope image of our monolithically
integrated device with a zoom-in SEM image; (b) typical I−V
characteristics as a function of gate bias (Inset: an equivalent electrical
circuit for testing); and (c) typical transfer characteristics.
Figure 5. (a) Three decibel modulation bandwidth of our
monolithically integrated device as a function of gate bias measured
under Vanode = 10 V; (b) EL spectra of our monolithically integrated
device measured as a function of gate bias. The inset shows a typical
EL emission image taken under Vgs = −4 V and Vanode = 8 V.
Table 1. Benchmarking Our Monolithically Integrated
HEMT and μLED Against Current State-of-the-Art μLEDs













20 480 13.3 1200
14 24 450 16 830
28 30 448 14 160
10 44 450 4.6 440
29 50 480 4.58 960
30 72 450 1.24 245
31 75 500 1.13 463
32 75 460 0.18 1060
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Figure 5b presents the electroluminescence (EL) spectra
from the single μLED as a function of gate bias that controls
injection current into the μLED, showing that the EL peak
wavelength shifts from 510 to 480 nm with increasing gate
bias. The blue shift in EL peak wavelength is due to an increase
in injection current, which suppresses the piezoelectrical field-
induced quantum-confined Stark effect (QCSE) as a result of
the screening effect. Of course, it is expected that the band-
filling effect also contributes to the blue shift at a high injection
current.33 A fiber-coupled spectrometer FLAME-S-UV−VIS
manufactured by Ocean Optics has been used to perform EL
measurements. Figure 5b further confirms that our single
μLED can be stably controlled by simply tuning the gate bias
of its HEMT, which greatly simplifies the μLED driving
circuitry. The inset shows a typical optical image of the EL
emission from our single μLED controlled by its HEMT.
3. CONCLUSIONS
In conclusion, we have employed our direct epitaxial approach
to achieving small μLEDs on predefined microhole arrays
formed by SiO2 masks on an AlGaN/GaN HEMT template,
demonstrating an epitaxially monolithic on-chip integration of
HEMT-μLED, where a single μLED with 20 μm in diameter is
modulated simply and stably by the gate bias of its HEMT
instead of conventional biasing methods. Furthermore, our
approach has eliminated any dry-etching-induced damages
which current approaches cannot avoid. All of these features
have led to the demonstration of a single μLED with a record
modulation bandwidth of 1.2 GHz on industry-compatible c-
plane substrates.
4. METHODS
4.1. Fabrication of Patterned HEMT Templates. An AlGaN/
GaN HEMT template is first grown on a c-plane sapphire substrate
using our high-temperature AlN buffer technology by the metal-
organic vapor-phase epitaxy (MOVPE) method.34−36 Afterwards, a
500 nm SiO2 layer is deposited by plasma-enhanced chemical vapor
deposition (PECVD). After standard photolithography processes for
mask patterning, ICP dry etching is employed to etch the SiO2 layer
into microhole arrays. The diameters of the microholes and the edge-
to-edge spacing between two neighboring microholes are 20 and 25
μm, respectively. Finally, using SiO2 microholes as masks, the ICP is
further used to etch the HEMT template within microhole regions by
≥50 nm. Subsequently, microLEDs will be selectively grown only
within SiO2 microhole regions, naturally forming μLEDs.
4.2. HEMT-μLED Device Fabrication. Forty percent of HF is
used to completely remove the SiO2 masks. ICP etching is then used
to form a mesa to insulate each monolithically integrated device. A
standard Ti/Al/Ni/Au (20/200/50/50 nm) alloy is deposited as the
source contacts of a HEMT, which will further undergo an annealing
process conducted at 850 °C in N2 ambient for 30 s. A standard
transparent Ni/Au (7/7 nm) alloy is prepared as the p-contact on the
top of each single μLED and then annealed at 570 °C in air ambient
for 2 min. Afterwards, Ti/Ai/Ti/Au (40/100/40/50 nm) and Ni/Au
(40/50 nm) are further deposited to form p-electrodes of each single
μLED and a gate pad of its HEMT, respectively. A layer of 2 μm SU8-
2 polymer is then spin-coated, patterned, and hard-baked to serve as a
passivation layer. Finally, a connection metal consisting of Ti/Al/Ti/
Au (40/200/50/50 nm) is deposited for device pads.
4.3. Device Dynamic Measurement. Keithley 2612B provides a
DC voltage, and a small AC signal is provided by Port 1 of the VNA
(TTR500). The sum of the DC and AC voltage is applied to the
device gate terminal through a bias-Tee (PSPL5575A) to modulate
our monolithically integrated device. The anode terminal (i.e., the p-
contact of each single μLED) is biased using another channel of
Keithley 2612B. Optical signals are collected and then coupled into a
photoreceiver (HSA-X-A-1G4SI system with a 3 dB bandwidth of 1.4
GHz) and are finally displayed on a desktop connected to VNA.
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